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The plasma Z-pinch behavior has been observed in a relatively small-bore diameter tube and low bank 
voltage discharge system. The instant of the occurrence of the laser line at 4880 A coincides with the 
plasma pinch time calculated by using a one-fluid snow-plow model. A determination of plasma pinch 
parameters by measuring the intrinsic stimulated emission of the ions is described. 
PACS numbers: 52.55.Ez. 42.60.He. 52.70.Kz 
The plasma pinch effect associated with controlled 
fusion processes is usually detected by rather tedious 
methods, such as streak photography! or external laser 
interferometry. 2 In this work, we find that the intrinsic 
stimulated emission of the discharge plasma is applica-
ble to determining pinch time and other plasma pinch 
parameters easily. As contrasted with previous work3- 5 
which was performed with large-bore plasma tubes and 
high bank voltage, we have studied the plasma pinch be-
havior in a tube of 4 -mm -bore diameter and for bank 
voltage as low as 4 kV with a peak current of 1. 5 kA. 
We find that the instant for the peak intrinsic stimulated 
emission of the argon gas coincides with the plasma 
pinch time calculated by using a one-fluid snow-plow 
model. The calculated first pinch time based on the 
Leontovich and Osovets equation6 depends weakly on the 
choice of the adiabatic factor Y, where y is the ratio of 
specific heats at constant pressure and volume for the 
compressed gas. However, the values of y which de-
pend on the degrees of freedom of motion reflect the 
status of the fluid motion at a given discharge current 
and affect the bounce frequency of the plasma pinch 
greatly. From a measurement of the intensity and the 
instant of occurrence of the intrinsic stimulated emis-
sion' a determination of the ion denSity and the plasma 
Z -pinch time follows. 
The collective interaction of the electron beam with 
plasma excites particle oscillation at the cyclotron 
frequency WH , if this frequency is lower than the plas-
rna Langmuir frequency, wp. The rapid ionization of 
the plasma will increase the- plasma density sharply. 
Then, wp which is proportional to (np )!/2, increases 
further, and intense oscillations with frequency close 
to wp are excited. If the plasma oscillating frequency 
wp is much greater than the pinch time, the Coulomb 
a) Work supported by National Science Council of the Republic 
of China. 
force between the electron and ion charge shell can be 
neglected. For low initial fill pressure of the gas in the 
discharge tube where the visible stimulated emission 
lines dominate, the snow-plow model is applicable. 
If we assume that the plasma magnetic field interface 
sweeps up all of the gas in front of it and ignore any 
shock -wave interactions, the motion of the current 
sheet in the Z -pinch tube can be described by 
(1) 
On the right-hand side of Eq. (1), the first term is the 
self -induced magnetic force due to the enormous sheath 
current; the second term is the adiabatic pressure as 
the plasma reflects from going into collapse; and the 
third term is the Coulomb interaction due to ionic and 
electronic shells in the Langmuir oscillation. 
To obtain laser action, a cascade laser exciter as 
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FIG. 1. Circuit diagram of the cascade exciter. 
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FIG. 2. Oscillograms showing the traces of the sinusoidal 
current signal and the 4800-A laser lines (from Tektronix 7613 
storage oscilloscope). p = 3. 87 X 10-2 Torr; horizontal scale: 
20 Ilsec/div; vertical scales: 6 V/div=300 A/div, for current 
measurement; supply voltage between first dynode and cathode 
of the RCA6342A tube = 700 V (the other dynodes are discon-
nected to reduce the sensitivity and to improve the rise time). 
shown in Fig. 1 was used; it is a thyratron triggered 
pulse forming network. Here, a low power pulse of 18 
kV from C1 is used only for the initial breakdown of the 
argon gas. The negative impulse produced at the ground 
side of C 1 triggers the trigatron and the plasma tube 
simultaneously and, then, the main power is delivered 
to the laser tube from a lower voltage source of 2-7 
kV. Since the main electric current does not pass 
through the thyratron, a low current rate thyratron can 
be used, and the high voltage isolating transformer for 
the filament power supply and the mercury diode as 
used in other investigations 7 can be eliminated. Using 
this system, the plasma Z -pinch effect can be studied 
with low bank voltages. 
The laser system consists of a quartz plasma tube 
of 4 -mm -bore diameter, two copper ring electrodes, 
and an internal cavity, with two dielectric multilayer 
mirrors having a reflectivity of 99.7 and 97%, respec-
tively. The experiment shows that the characteristic 
of stimulated emission depends strongly on the plasma 
pressure. The pressure for visible laser action occurs 
between 1 x 10-2 to 2 X 10-1 Torr in this bore diameter 
and is almost independent of the mirror transmission 
and the applied bank voltage. Figure 2 is the oscillo-
gram showing the oscillation of the plasma current and 
the 4880-.-\ laser line. The stimulated emission of the 
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TABLE I. The instant of the occurrence of the laser peak and 
the calculated plasma pinch time. 
P=3.8xlO- 2 Torr 
Experimental work 
Bank voltage = 5. 1 kV 
Calculated value 
First laser peak = 3. 2 Ilsec First plasma pinch time = 2. 8 
Ilsec; current 1= 1200 sin(5 
x 104t) A. 
Second laser peak = 8. 6 Ilsec Second plasma pinch time 
=8.8Ilsec; current 1= 300 sin(5 
x 104t) A 
singly ionized argon gas occurs not at the time of maxi-
mum current, but at an earlier time as soon as the 
plasma discharge begins. The experimental lasing time 
and the calculated plasma pinch time are listed in 
Table L We find that the instant of the occurrence of 
the laser peak closely coincides with the plasma pinch 
time as calculated by using Eq. (1). 
Figure 3 shows the variation of the radius of the 
plasma current sheath with the discharge time. The 
graph indicates that the instant of the first pinch time 
is weakly dependent on the choice of y. We have sepa-
rately calculated the plasma bounce time for the first 
half- and second half-cycles of the current oscillation, 
since there seems to be some interruption between the 
up and down current oscillations. At lower discharge 
current, the calculated pinch time with y = ~ gives a 
better fit to the experimental value. Because of the 
resulting decreased magnetic confinement, the drift of 
ions along the azimuthal direction cannot be neglected 
and a description of the plasma motion with three de-
grees of freedom would be more profitable. The two-
fluid model with inclusion of the Coulomb force between 
the electronic and ionic shells having an oscillation fre-
quency as high as 5.7 x lOB Hz has been found to give no 
contribution to the pinch time at this relatively slow-
rate discharge. 
The instant of the first laser peak and the calculated 
first pinch time as a function of the initial fill pressure 
is shown in Fig. 4. The choice of y= 2 gives a theoreti-
cal pinch time which is much closer to the experimental 
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FIG. 3. Graph showing the variation of 
the radius of the plasma current sheath 
with time. 
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FIG. 4. The instant of the first laser peak and the calculated 
first pinch time as function of the initial fill pressure. 
data when the peak discharge current is greater than 
1 kA. 
The reason that the stimulated emission is maximum 
at the plasma pinch time and does not occur at the 
instant when the current is maximum as for cw opera-
tion is rather puzzling. In cw ion lasers since the energy 
difference between the generating level is t:.E« kTe , 
the upper and lower laser levels will have comparable 
pump intensities. The population inversion is the result 
of a rapid decay of the radiation of the lower level, 
which is coupled to the ground state of the ion by a 
strong transition lying in the region of the vacuum 
ultraviolet. Therefore, higher current density induces 
stronger laser lines. In pulsed operation, there exists 
a group of hot electrons whose temperature can be 
several keV. Bennett's hypothesis 8 that the upper laser 
configuration 4p of Ar II can be populated directly from 
the ground state of the atom is based on the fact that 
the collision between fast electrons and atom is of the 
type 
e + Ar- (Ar+r + 2e. (2) 
This theory predicts a preferred population of the laser 
upper level 3p4 4p of Ar II instead of the lower level 
3p4 4s. This would be the most important process to 
build inversion population in the pulsed operation. Dur-
ing the contracting of the plasma to its minimum radius 
800 Appl. Phys. Lett., Vol. 31, No. 12, 15 December 1977 
(plasma pinch), the temperature of the electrons and 
ions in the laser plasma reaches its highest value and 
dominates this process. 
As the current sheath arrives at the axis of the plas-
ma tube, there will follow a rapid exploding of the gas 
as illustrated in Fig. 3 with y =!. Thus, within a short 
time after exploding, we may expect that the ion tem-
perature 11 would cool rapidly, and the laser action 
would terminate. The six visible laser lines 4727, 
4765,4880,4965,5017, and 5145 A have been observed 
by using a Wallace replica grating for the lower fill 
pressure. But the plasma Z -pinch effect has been ob-
served only for the 4727,4765, and 4880-A lines. The 
excitation mechanism proposed by BennettB, ~ predicts 
that the uv ArII 3576.9-A (4d-4p) transition, which 
occurs much later after the plasma pinch, terminates 
on the upper level of 5145 -A line. This allows these 
green laser lines to survive after the plasma explosion. 
Finally, there is a laser peak with an intensity about 
threefold higher than the initial one occurring just when 
the current oscillation begins to terminate. The plasma 
pinch behavior is unable to account for this phenomenon. 
Significant residual electron and ion denSity after plas-
ma explosion may sustain this laser oscillation. 
This experiment suggests an inexpensive scheme for 
construction of a pulsed ion laser system. The plasma 
Z -pinch effect has been found to exist in a relatively 
small-bore tube and low discharge current plasma. The 
measurements of the intensity and the instant of the 
occurrence of the intrinsic stimulated emission can be 
used to diagnose the plasma electron density and the 
pinch time. 
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